Keywords: fault geometry backthrust backstop focal mechanism waveform modeling Sumatra Two earthquake sequences that affected the Mentawai islands offshore of central Sumatra in 2005 (Mw 6.9) and 2009 (Mw 6.7) have been highlighted as evidence for active backthrusting of the Sumatran accretionary wedge. However, the geometry of the activated fault planes is not well resolved due to large uncertainties in the locations of the mainshocks and aftershocks. We refine the locations and focal mechanisms of medium size events (Mw > 4.5) of these two earthquake sequences through broadband waveform modeling. In addition to modeling the depth-phases for accurate centroid depths, we use teleseismic surface wave cross-correlation to precisely relocate the relative horizontal locations of the earthquakes. The refined catalog shows that the 2005 and 2009 "backthrust" sequences in Mentawai region actually occurred on steeply (∼60 degrees) landward-dipping faults (Masilo Fault Zone) that intersect the Sunda megathrust beneath the deepest part of the forearc basin, contradicting previous studies that inferred slip on a shallowly seaward-dipping backthrust. Static slip inversion on the newlyproposed fault fits the coseismic GPS offsets for the 2009 mainshock equally well as previous studies, but with a slip distribution more consistent with the mainshock centroid depth (∼20 km) constrained from teleseismic waveform inversion. Rupture of such steeply dipping reverse faults within the forearc crust is rare along the Sumatra-Java margin. We interpret these earthquakes as 'unsticking' of the Sumatran accretionary wedge along a backstop fault separating imbricated material from the stronger Sunda lithosphere. Alternatively, the reverse faults may have originated as pre-Miocene normal faults of the extended continental crust of the western Sunda margin. Our waveform modeling approach can be used to further refine global earthquake catalogs in order to clarify the geometries of active faults.
Introduction
The Sumatra subduction zone, along which the Indian and Australian plates subduct obliquely beneath the Eurasian plate, has recently hosted a cascade of great earthquakes that began with the catastrophic December 26, 2004 Sumatra-Andaman event. The Mentawai region of central Sumatra stands out as a spatial gap within this cascade of earthquakes. While the 2007 Mw 8. 4 Bengkulu and 2010 Mw 7.8 Mentawai earthquake sequences partially ruptured the frictionally locked megathrust immediately to the south, a great earthquake has not occurred in this area during the instrumental period (Fig. 1) . However, the interseismic geodetic velocity field shows that the Mentawai Seismic Gap is strongly coupled and therefore has potential to generate a * Corresponding author at: 50 Nanyang Avenue, N2-01a-14, Singapore.
E-mail address: shjwei@ntu.edu.sg (S. Wei).
great earthquake in the coming decades (Natawidjaja et al., 2006; Sieh et al., 2008) , which could be devastating for the coastal region of central Sumatra.
Two moderate earthquakes occurred within the Mentawai Seismic Gap in 2005 (Mw 6.9) and 2009 (Mw 6.7). These earthquakes have been identified as backthrust events (Singh et al., 2010 (Singh et al., , 2011 Wiseman et al., 2011) , that would represent another potential source of hazardous earthquakes and tsunamis offshore of central Sumatra (Wiseman et al., 2011) . While there is little direct evidence for significant rupture of such backthrust faults along the Sumatra-Java margin, their submerged position offshore of major coastal cities such Padang and Bengkulu could have significant implications for tsunami hazard. Clarification of the geometry and rupture potential of such faults is therefore essential for accurate assessment of the hazards of shallow crustal ruptures along this active plate margin.
In the Sumatran forearc region, marine seismic reflection profiles have been widely used to investigate the shallow struc- tural complexity. The Mentawai Fault Zone (MFZ) (Fig. 1) , which is located between the forearc ridge and the deepest part of the forearc basin and is apparent as a linear chain of anticlinal folds affecting forearc basin sediments, has previously been characterized as a strike-slip fault that accommodates a portion of the oblique component of Indo-Australian plate convergence relative to Sunda (Diament et al., 1992; Schlüter et al., 2002; Berglar et al., 2010) . Near Nias, the MFZ has alternatively been interpreted as a basin-bounded reverse fault, related to accretiondriven inversion of originally extensional structures (Moore and Karig, 1980; Samuel and Harbury, 1996) . More recent studies based on deep seismic reflection profiles and bathymetry data within the Mentawai Gap suggest that the MFZ consists of a series of shallow thrust faults that root into a deep, seawarddipping backthrust carrying the accretionary wedge onto the thinned and subsided Sumatran crust (Singh et al., 2010 (Singh et al., , 2011 Mukti et al., 2012) . However, the ability to characterize the deeper parts of this fault zone using seismic reflection data is significantly limited by decreasing resolution of seismic reflection data with depth, strong reverberations within the water column and sedimentary deposits, and potentially steep dips of the seismogenic faults embedded within or beneath a structurally complex wedge (Kopp and Kukowski, 2003; Singh et al., 2011; Tsuji et al., 2015) .
The two earthquake clusters that occurred in 2005 (Mw 6.9) and 2009 (Mw 6.7) located around the MFZ provide an exceptional opportunity to better understand deep crustal faults in this region (Fig. 1) . The USGS and GCMT earthquake catalogs indicate that these two earthquake sequences occurred at shallow depths (12-29 km) within the forearc crust and around the plate interface (Fig. 2a, b) . These two earthquake sequences have been highlighted as backthrust events by Singh et al. (2010) based on structural interpretations of seismic reflection profiles, in which they observed several branches of seaward-dipping backthrust faults (FBT: frontal backthrust, MBT: main backthrust, CBT: coastal backthrust) and associated anticlines at shallow depth (Fig. 1, Fig. 2) . Wiseman et al. (2011) argued that coseismic GPS displacements support the idea that these two earthquake sequences ruptured on a major backthrust fault underlying the forearc islands, which emerges to shallow crustal levels as the MFZ.
However, the locations of these earthquakes and their aftershocks are inconsistent with the backthrust faults imaged on seismic reflection profiles (Wiseman et al., 2011; Mukti et al., 2012) . The earthquake hypocenters, both from the NEIC and relocated catalog (Pesicek et al., 2010) , are located to the east of the easternmost mapped, westward dipping thrust fault (FBT), representing either up to 70 km lateral mismatch or a 10-20 km vertical mismatch (Fig. 2a, c) . A similar mismatch is also apparent in the GCMT centroid locations (Fig. 2b) . While the mismatches from GCMT and NEIC catalogs could be partly explained by the systematic bias in the current catalogs (Wiseman et al., 2011; Mukti et al., 2012) , the double difference relocated catalog (Pesicek et al., 2010) should greatly remove any large regional bias, if one exists. Furthermore, the 3D spatial pattern of aftershock locations in current catalogs -not limited to the double difference catalog -is most consistent with source faults that dip toward the northeast, in the opposite orientation of the mapped shallow backthrust faults that dip toward the southwest (Fig. 2a-c) . The combination of a small number of focal mechanisms in the available catalog and large uncertainties in both earthquake locations and fault plane solutions severely limits our understanding of these "backthrust" earthquakes and their relation with the fault zone structures. (Hayes et al., 2012) . The dashed lines show the geometry of the megathrust and backthrust from Mukti et al. (2012) , based on the study of CGGV010 seismic reflection profile (also shown in the upper inset). The locations of the CBT, MBT, FBT in Fig. 1 are projected to the cross section and shown as black dots.
In this study, we refine the locations and fault plane solutions of the medium size earthquakes (Mw > 4.5) of these two earthquake sequences through broadband teleseismic waveform modeling. We use high-frequency depth phases modeling to accurately constrain the centroid depth, and teleseismic surface wave crosscorrelation relative relocation to precisely relocate the horizontal locations of these earthquakes. The refined catalog clearly delineates a high-angle landward dipping fault system that contradicts previous interpretations of active slip on a seaward shallow dipping backthrust, and has significant implications for the active tectonics of the Sumatran forearc.
Constrain the source parameters with broadband waveform modeling
To refine the earthquake focal mechanisms and locations (both depth and horizontal location) of medium size earthquakes (Mw > 4.5) in the 2005 and 2009 sequences, we perform broadband waveform modeling on global seismic data for these events.
Focal mechanism inversion
Although some of the earthquakes in the earthquake sequences have GCMT solutions, we determined new solutions for these earthquakes along with other possible events. We have two reasons for this; firstly, the dip angle, depth and moment may have significant tradeoffs in the inversions of long-period seismic waves (e.g. GCMT) (Tsai et al., 2011; Zhan et al., 2012) . Secondly, as shown in Fig. 2a -c, since these "backthrust" events are spatially mixed with plate interface earthquakes, a self-consistent catalog would help us to better resolve the dip angles and depths of these earthquakes and discriminate between tectonic environments. Therefore, we refined source parameters for both the "backthrust" sequences and some of the plate interface events, to better demonstrate the resolution of our study.
We inverted for earthquake focal mechanisms and centroid depths using the teleseismic Cut-and-Paste (CAP) method (Zhao and Helmberger, 1994; Zhu and Helmberger, 1996; Chu et al., 2014) . We used extended teleseismic P-waves and SH-waves, which include the direct phases and their depth phases (pP, sP, sS) that are more sensitive to the focal depth. The teleseismic Pand SH-waves are less affected by the lateral 3D velocity structures in the complicated shallow Earth as they penetrate almost vertically through the lithosphere, and can therefore better resolve fault plane solutions and depth in 1D inversions. We conducted waveform inversions at higher frequencies (e.g., 0.01-0.05 Hz) than those used for GCMT solutions (approximately 0.006 ∼ 0.025 Hz, Ekstrom et al., 2012) , which allows us to better resolve the centroid depths, due to the frequency dependent sensitivity of depth phases to depth. We collected available tele-seismograms from the IRIS server (https :/ /www.iris .edu) and conducted the teleseismic CAP inversion to invert for the best double couple solutions and centroid depths by minimizing the misfit between the data and the synthetics, after shifting the seismograms to get the maximum cross-correlation coefficients (Fig. 3) . The corresponding uncertainties are estimated using a bootstrapping method (Efron and Tibshirani, 1991) . Our result indicates that the focal mechanism of the 2009 mainshock is well constrained, especially for the dip angle, with the bootstrapping error of 2-3 degrees (Fig. 3e) . We also tested different source durations, and always got similar inversion results (Fig. 3c ). In addition, we investigated the impact of near-source 3D velocity structure on focal mechanism inversion and found little bias in the inversion results (see Supplementary material for more details). Overall, we obtained stable long period solutions for 36 events, including 18 events where one of the nodal planes dips <25 degrees (purple beach balls in Fig. 2d ), which are presumably plate interface events, and 18 events where the fault planes dip >40 degrees (although most of them are around 60 degrees, blue and red beach balls in Fig. 2d) (Table S1) .
To obtain focal mechanisms of more medium size earthquakes (∼Mw 4.5-5.0), we applied the teleseismic CAP method Amplitude Amplification Factors (AAF) corrections (Wang et al., 2017) to invert the first 3.5 seconds of teleseismic P waves at relatively high frequency (0.5-1.5 Hz), in which the signal-to-noise-ratio (SNR) is usually higher than that at longer period. This approach is particularly useful to resolve the focal mechanisms of some small/early aftershocks, which usually only have good SNR data at high frequency. We used medium size earthquakes that have stable long period solutions to establish AAF corrections for teleseismic stations (Fig. S1 , see Supplementary material section S1 for more details). These AAFs were later used to invert the high frequency waveforms of other nearby events (Fig. 4) . With the AAF corrected CAP method, we obtained focal mechanisms of additional 14 events with steeply dip angles, supplementing the longer period solutions.
Surface-wave cross-correlation relative relocation
To delineate the geometry of the ruptured fault plane with seismicity, the horizontal location of the earthquake is another key parameter we have to better resolve. As shown in Fig. 2a-c and Fig. 5 as well as in Fig. S2 , the differences between the horizontal locations reported by various catalogs can be more than 20 km. Such differences are likely related to the quality of arrival picks used in the earthquake location and/or relocation procedure. In Fig. S3a , we aligned the teleseismic P-waves based on our carefully handpicked arrivals for one of the aftershocks (2009/08/16 18:42 (UTC) Mw 4.8), against those reported in the ISC catalog. It is clear that our handpicked arrivals with careful quality control are more reliable than those from the ISC catalog. Using these higher quality P-wave handpicked arrivals, we relocate the epicenter of the earthquakes with one example shown in Fig. S4 and Fig. 5 (yellow circle), using a reference event that occurred on 2009/08/16 07:38 (UTC) (Mw 6.64) (see Fig. S3b ). We chose this event as a reference because location reports from various catalogs are highly consistent (<5 km) (Fig. 5a ). However, handpicked P-wave arrivals may still be subject to relatively large errors, especially for stations near the nodal planes. To better constrain the horizontal locations, we used a teleseismic surface wave cross-correlation relocation method to refine the location of other events relative to the reference earthquake. Surface waves, which have much larger horizontal slowness and thus are more sensitive to the earthquake horizontal location, have been widely used for earthquake relocation (Ekström, 2006; Wei et al., 2012; Cleveland and Ammon, 2013; Cleveland et al., 2015; Lay et al., 2016) . The travel time differences between two earthquakes at a common station can be precisely measured by cross-correlation of the waveform records (Fig. 5) . As surface waves usually dominate the record at relatively long period (e.g. 20 s-100 s in this study), this method can produce very robust measurements of relative surface arrival times given the high waveform similarities between different earthquakes, mainly because of their similar focal mechanisms. Fig. 5 shows the surface wave comparisons between the mainshock and one of the small aftershocks (2009/08/16 18:42 (UTC) Mw 4.8) at 20-100 s. At this frequency range, the average CCC is more than 89%; both fundamental mode and the overtones are highly consistent between these two earthquakes. Using the relative arrival times measured through surface wave cross-correlation, we further refined the centroid location of the aftershock using a relative relocation method. Here we used the 2009 mainshock as the reference event (Fig. 5a) . To minimize the impact of complex velocity structure, we used master event relocation method pairing events observed at common stations for relocation (Waldhauser and Ellsworth, 2000; Zhan et al., 2011) . We conducted a grid search to find the best location by minimizing the double differences of the arrival times. For aftershocks without high SNR surface waves (e.g. some early/small aftershocks), we used the handpicked teleseismic P-wave arrivals for relative relocation (see Supplementary material, Figs. S3-S4). Our refined catalog is in general consistent with that reported by body wave double difference relocation (Pesicek et al., 2010) , but resulting locations are more compact in space and shifted landwards by 5-10 km (Fig. S2) . Because earthquakes in these two sequences have slightly different focal mechanisms and depths, to understand the influence of these source parameters to our surface wave relocation scheme, we have conducted the sensitivity tests by perturbing horizontal location and depth, as well as focal mechanism (strike/dip/rake). These tests are conducted for both Rayleigh and Love waves. More details about the relocation algorithm and synthetic tests are shown in the Supplementary material section S2 and Figs. S5-S9. Through all these tests, we found that the averaged uncertainty of our relocation scheme for the horizontal location is ∼5 km.
Broadband depth-phases modeling
The depth of the earthquake is an equally important parameter as horizontal location for fault geometry refinement using seismicity. However, depth reports of earthquakes usually show large uncertainty in global catalogs, partly due to the strong trade-off between focal depth and origin time when only P-wave arrival times are used. In this study, we performed broadband depth phases modeling to refine the depths of the earthquakes, using a similar approach as in Wang et al. (2017) . As we allow time shifts to fit the direct phases and their depth phases simultaneously, the tradeoff between depth and origin time does not exist anymore and therefore the focal depth can be much more precisely determined. It is obvious that the resolution of depth increases with frequency as depth phases can be more accurately identified at higher frequencies (Fig. S10 , see Supplementary material section S3 for more details). We select the frequency range to be as high as we can model, but not higher than the reciprocal of the source duration so that the earthquake can still be considered as a point source. Typically, the frequency range is about 0.5-1.5 Hz for Mw ≤ 5.2 earthquakes, and 0.02-0.2 Hz for larger (Mw < 6.2) earthquakes. The frequency bands also varied based on the waveform complexity of each earthquake. During the depth phases modeling, we fixed the focal mechanism to that derived in earlier sections and generated a series of synthetics corresponding to different focal depths. The optimal depth is then obtained at the highest cross-correlation coefficient between the data and the synthetics (Wang et al., 2017) . Due to the rapid increase in the number of global seismic stations in the last few decades, we have hundreds of teleseismic P-waves and thus hundreds of estimations of depth for each event. From these, we used data with a CCC above 60%, and then obtained the average focal depth and the associated uncertainty estimates. Fig. 6 shows the high-frequency depth-phases modeling for the aftershocks of the 2005 and 2009 sequences at several representative stations. The depths of earthquakes are well constrained as both direct and depth phases are well fitted. We also tested the effect of different 1D velocity models (see Supplementary material Section S3, Figs. S11-S12) and near-source 3D topography/bathymetry and velocity structure on high-frequency depth-phases modeling (see Supplementary material Section S4, Figs. S13-S18). The results indicate that we can constrain the depth very well with uncertainties of 1-2 km.
Results and discussions
We have refined the fault plane solutions and centroid depths for 50 earthquakes, including 18 events where one of the nodal planes dips westward at <25 degrees (presumably plate interface earthquakes) and 32 events with a steep dip angle (>40 degrees, most of them are around 60 degrees). Fig. 2d shows the relocated seismicity along a cross-section roughly perpendicular to the strike of the Sunda megathrust. In contrast to prior reports, the megathrust events and the high-dip-angle events are much better separated in our catalog. The average focal depth for the 2005 and 2009 sequences is ∼20 km below sea level, or about ∼10 km above the Sunda megathrust plate interface. These earthquakes delineate a clear landward dipping structure with dip angle around 60 degrees, consistent with one of the nodal planes of the main- shocks (Fig. 2d) . The alignment of the seismicity is not perfectly consistent with the dip angles of the earthquakes, especially for the 2005 cluster; this could be attributed to the number of available teleseismic stations, which is considerably less than that for the 2009 sequence. This fault system lies deep beneath the forearc basin, does not clearly extend upward into the basin sediments (e.g. not shown in the seismic reflection profiles), and has not previously been described. Recognizing the current wide range of definitions of the Mentawai Fault Zone (e.g., Diament et al., 1992; Wiseman et al., 2011; Mukti et al., 2012; Singh et al., 2011) , we here name it as the Masilo Fault Zone after a small island roughly equidistant from the 2005 and 2009 ruptures (Fig. 1) .
Previous modeling of static GPS offsets for the 2009 mainshock used a backthrust fault model and inferred main slip at <8 km depth (Wiseman et al., 2011) . We obtained the static offset data at these stations from (Feng et al., 2015) and inverted them with a finite fault inversion scheme (Ji et al., 2002) . We tested both fault planes in the double couple solution and found that these data can be equally well explained by both fault planes, for the simple reason that all of the GPS sites fall within the same tensional/compressional quadrant of the single focal mechanism that contains both nodal planes. Here we displayed the model on the Masilo Fault Zone in Fig. 7 . In this model, the main locus of slip from our new inversion is centered at 20 km depth (Fig. 7a ), more consistent with the depth constrained by depth-phases modeling and centroid moment tensor inversion (Fig. 2) .
The shallow crustal structure of the Sumatran forearc within the Mentawai region has been well characterized using bathymetry data, geological constraints from surface mapping and well data, as well as marine seismic reflection profiles (Mukti et al., 2012; Kuncoro et al., 2015) . The accretionary prism is dominated by imbricated, landward dipping thrust faults (Kuncoro et al., 2015) , while several branches of seaward dipping backthrusts have been observed beneath the shallow forearc basin (Singh et al., 2011; Mukti et al., 2012) . Deep crustal structures underlying the accretionary wedge and the thick forearc basin have not been as well characterized, because of the limited penetration of seismic reflection data and the strong reverberation of the water column and/or sedimentary basin (Kopp and Kukowski, 2003; Singh et al., 2011; Tsuji et al., 2015) . Based on our relocations, the fault zone structures related to the 2005 and 2009 earthquakes extend between 10-30 km depth and are located beneath the deepest part of the forearc basin, well beyond the resolvable regions of available seismic reflection studies.
In contrast with previous "backthrust" faults, we propose two alternative interpretations for the observed high-angle landward dipping fault underlying the forearc basin, reflecting different assumptions about the nature of backstop of the wedge and the origin of the crust that underlies the forearc high. The term backstop is defined as a region within a forearc section that has stronger shear strength than the sequence lying trenchward of it (Byrne et al., 1993; Kopp and Kukowski, 2003) . The backstop of the Sumatra-Java accretionary wedge has most commonly been interpreted as trenchward dipping, with non-deforming crust of Sumatra underlying the forearc high (Kopp and Kukowski, 2003; Singh et al., 2011) ; however, other studies have proposed a land- ward dipping backstop (Samuel and Harbury, 1996; Nugraha and Hall, 2012) . Seismic reflection lines throughout the Sumatran forearc indicate that the eastern and central forearc basin is underlain by continental crust that has been largely undeformed during growth of the accretionary wedge. In either of our two alternative models, the backstop fault represents the fundamental strain boundary separating undeformed Sumatran crust and lithospheric mantle from imbricated material of the accretionary wedge.
In the first conceptual model, we propose that the 2005 and 2009 events represent reactivation of pre-existing faults within the crust of Sumatra underlying the forearc basin (Fig. 8a) . Shallow thrusts that are well imaged on the seismic reflection profiles in this region (Mukti et al., 2012; Kuncoro et al., 2015) are inferred to connect downward to the megathrust along a seaward-dipping backstop fault. The buried crust of the Sumatran margin potentially preserves old normal faults that developed prior to the onset of accretion. Such normal faults have been interpreted at ∼8 km or greater depth beneath the northern Mentawai forearc basin along the CGGV010 seismic reflection profile (Mukti et al., 2012) and beneath the forearc basin east of Nias (Samuel and Harbury, 1996) , and similar pre-existing faults have also been observed in eastern Java (Nugraha and Hall, 2012) and in the Nankai Trough (Tsuji et al., 2015) . The Masilo Fault Zone is then interpreted as reactivated normal faults within the thinned, deeply buried crust of the outer Sunda margin.
In the second conceptual model, the 2005 and 2009 earthquake clusters instead represent 'unsticking' of the Sumatran accretionary wedge along a landward-dipping backstop fault that separates accreted material of the wedge, or dismembered thrust sheets of the outermost margin of Sunda, from the undeformed Sunda lithosphere (Fig. 8b) . The currently steep reverse faults may have backrotated from an originally low-angle orientation, as indicated by progressive steepening of wedge thrusts from the modern trench to the forearc high. The Masilo Fault Zone is then interpreted as a strain boundary (or long-term backstop) marking the contact between the accretionary wedge and Sunda. In this model, the Mentawai Fault Zone represents compression of the forearc fill above and outboard of the deep backstop fault, driven by continuing accretion beneath the forearc high. To distinguish these two models for the interpretation of the backstop earthquakes, a higher resolution of velocity structure at the depth of the earthquakes would be very helpful, which is not available so far.
Conclusions
In summary, we have applied broadband waveform modeling methods to constrain the fault plane solutions and locations of the 2005 and 2009 "backthrust" sequences in Mentawai offshore of Sumatra. The refined catalog shows that the 2005 and 2009 "backthrust" sequences actually occurred on a steeply landward-dipping fault, contradicting previous studies that inferred slip along a seaward-dipping backthrust. We interpret these earthquakes as 'unsticking' of the Sumatran accretionary wedge along a backstop fault that separates the accreted material from the stronger Sunda lithosphere, or alternatively as reactivation of an inherited crustal fault buried beneath the forearc basin. Clear evidence for active backthrusting within the Mentawai Seismic Gap is still lacking, suggesting that further research on the structure of the forearc is necessary. Finally, our waveform modeling approaches can be generalized and applied to global earthquake catalog refinement in order to better understand regional active tectonics as well as the physics of earthquakes.
